**Research Highlights**

An enriched environment improved cognitive abilities and increased brain-derived neurotrophic factor expression in the hippocampus of mice from the senescence-accelerated prone mouse 8 strain.

**Abbreviations**

AD, Alzheimer\'s disease; BDNF, brain-derived neurotrophic factor; SAMP8, senescence-accelerated prone mouse 8; SAMR1, senescence accelerated-resistant mouse 1

INTRODUCTION {#sec1-1}
============

Alzheimer\'s disease (AD) is an irreversible, progressive neurodegenerative disorder characterized by cognitive decline. With the ongoing increase in the median age in many societies, the number of AD patients is persistently increasing. However, few therapeutic regimens improve the underlying pathogenic phenotypes of AD\[[@ref1]\]. It has been previously suggested that an enriched environment improves learning and memory, enhances neurogenesis in the dentate gyrus of the hippocampus, increases brain mass and size, and enhances dendritic branching and new synapse formation in several areas of the brain in mice\[[@ref2]\]. Many studies have shown that low levels of brain-derived neurotrophic factor (BDNF) may play a critical role in the etiology of AD\[[@ref3][@ref4][@ref5]\] and BDNF may represent a potential neuroprotective agent\[[@ref6][@ref7][@ref8]\]. The senescence-accelerated prone mouse 8 (SAMP8) strain of mice is a useful animal model to study aging or age-associated disorders, and it may be an excellent model for studying the earliest neurodegenerative changes associated with AD\[[@ref9]\]. The senescence accelerated-resistant mouse 1 (SAMR1) strain of mice is often used as the control in studies of SAMP8 mice, because these mice have undergo a typical aging process. In the present study, we examined the effects of an enriched environment on cognitive behavior and BDNF expression in SAMP8 mice, and we investigated the association between delayed onset of AD in an enriched environment and BDNF expression in the hippocampus.

RESULTS {#sec1-2}
=======

Quantitative analysis of experimental mice {#sec2-1}
------------------------------------------

Forty SAMP8 mice and forty SAMR1 mice were used, and they were equally and randomly assigned to either an enriched environment or a standard environment. All 80 mice were included in the final analysis.

Mice housed in an enriched environment performed better in the Morris water maze than mice housed in a standard environment {#sec2-2}
---------------------------------------------------------------------------------------------------------------------------

### Acquisition of spatial memories {#sec3-1}

To assess the acquisition phase of spatial learning, the mice were tested every day for 4 consecutive days in the Morris water maze task. We found that mice housed in an enriched environment had shorter escape latencies than those mice housed in a standard environment. This occurred over 4 consecutive days in both the SAMP8 and SAMR1 strains (*P* \< 0.01). SAMP8 mice had longer escape latencies than SAMR1 mice regardless of whether they were housed in an enriched (*P* \< 0.05) or a standard environment (*P* \< 0.01). Escape latencies significantly decreased over time in mice from each group, illustrating acquisition of spatial memories ([Figure 1](#F1){ref-type="fig"}).

![Comparison of average escape latencies in the Morris water maze task. ^a^*P* \< 0.01, *vs*. P8.SE; ^b^*P* \< 0.05, *vs*. R1EE; ^c^*P* \< 0.01,^d^*P* \< 0.05, *vs*. R1. SE. The data are presented as mean ± SD.\
Differences between the groups were analyzed using analysis of variance and paired *t*-tests.\
P8: Senescence-accelerated prone mouse 8; R1: senescence accelerated-resistance mice 1; EE: enriched environment; SE: standard environment.](NRR-7-1797-g001){#F1}

### Memory retention {#sec3-2}

To evaluate memory retention, a probe trial was performed on the fifth day. The percentage of time in the target quadrant was longer in SAMP8 and SAMR1 mice housed in an enriched environment compared with SAMP8 and SAMR1 mice housed in a standard environment (*P* \< 0.01). There was no difference in the percentage of time spent in the opposite quadrant between SAMP8 mice housed in an enriched environment or a standard environment (*P* = 0.09). The percentage of time spent in the opposite quadrant was smaller in SAMR1 mice housed in an enriched environment versus a standard environment (*P* \< 0.05). SAMP8 mice housed in an enriched environment spent less time in the target quadrant (*P* \< 0.05) and more time in the opposite quadrant (*P* \< 0.01) than SAMR1 mice housed in an enriched environment. The percentage of time spent in the target quadrant was smaller in SAMP8 mice housed in a standard environment compared with SAMR1 mice housed in a standard environment (*P* \< 0.01) and was larger than the percentage of time spent in the opposite quadrant by SAMR1 mice housed in a standard environment (*P* \< 0.05). In probe trials ([Figure 2B](#F2){ref-type="fig"}), we found that SAMP8 and SAMR1 mice housed in an enriched environment mainly stayed in the target quadrant, and this was more pronounced in SAMR1 mice. In contrast, mice housed in a standard environment spent similar amounts of time in every quadrant.

![Comparison of swimming times in the target and opposite quadrants in the spatial probe test.\
(A) Comparison of swimming times in the target and opposite quadrants in the spatial probe test. ^a^*P* \< 0.01, *vs*. P8.SE; ^b^*P* \< 0.01, ^c^*P* \< 0.05, *vs*. R1.SE;^d^*P* \< 0.01, ^e^*P* \< 0.05, *vs*. R1.EE; ^f^*P* \< 0.05, *vs*. R1.SE.\
The data are presented as mean ± SD. Differences between the groups were analyzed using analysis of variance and paired *t*-tests.\
(B) Probe trials in the mice. Red circle: escape platform; black line: probe trial.\
P8: Senescence-accelerated prone mouse 8; R1: senescence accelerated-resistant mouse 1; EE: enriched environment; SE: standard environment.](NRR-7-1797-g002){#F2}

Mice housed in an enriched environment performed better in a step-down avoidance experiment compared with mice housed in a standard environment {#sec2-3}
-----------------------------------------------------------------------------------------------------------------------------------------------

### Acquisition of step-down avoidance {#sec3-3}

On the first day, mice housed in an enriched environment had fewer errors than mice housed in a standard environment in both SAMP8 and SAMR1 (*P* \< 0.01). SAMP8 mice made more errors than SAMR1 mice housing in either the enriched or standard environment (*P* \< 0.01; [Figure 3A](#F3){ref-type="fig"}).

![Comparison of learning and retention performance in the step-down avoidance experiment.\
(A) Errors; (B) Latencies. ^a^*P* \< 0.01, *vs*. P8.SE; ^b^*P* \< 0.01, ^c^*P* \< 0.05, *vs*. R1.SE; ^e^*P* \< 0.01, ^f^*P* \< 0.05, *vs*. R1.EE. The data are presented as mean ± SD. Differences between the groups were analyzed using analysis of variance and paired *t*-tests.\
P8: Senescence-accelerated prone mouse 8; R1: senescence accelerated-resistant mouse 1; EE: enriched environment; SE: standard environment.](NRR-7-1797-g003){#F3}

### Retention of step-down avoidance {#sec3-4}

On the second day, mice housed in an enriched environment had fewer errors than mice housed in a standard environment in both SAMP8 (*P* \< 0.01) and SAMR1 mice (*P* \< 0.05; [Figure 3A](#F3){ref-type="fig"}). SAMP8 mice made more errors than SAMR1 mice regardless of whether they were housed in the enriched or standard environment (*P* \< 0.05; [Figure 3A](#F3){ref-type="fig"}). Mice housed in an enriched environment had longer latencies than mice housed in a standard environment in both SAMP8 and SAMR1 mice (*P* \< 0.01; [Figure 3B](#F3){ref-type="fig"}).

Effects of an enriched environment on BDNF mRNA and protein expression in the hippocampus of mice {#sec2-4}
-------------------------------------------------------------------------------------------------

Reverse transcription-PCR showed more BDNF mRNA expression in mice housed in an enriched environment compared with mice housed in a standard environment in both SAMP8 and SAMR1 mice (*P* \< 0.01). SAMP8 mice had a lower relative level of BDNF mRNA than SAMR1 mice housed in either the enriched or standard environment (*P* \< 0.05; [Figure 4](#F4){ref-type="fig"}).

![Expression of hippocampal BDNF mRNA.\
(A) PCR results of BDNF.\
(B) Comparison of the relative level of BDNF mRNA. ^a^*P* \< 0.01, *vs*. P8.SE; ^b^*P* \< 0.05, *vs*. R1.EE; ^c^*P* \< 0.05,^d^*P* \< 0.01, *vs*. R1.SE. The data are presented as mean ± SD (absorbance ratio of BDNF mRNA/β-actin mRNA). Differences between the groups were analyzed using analysis of variance and paired *t*-tests.\
BDNF: Brain-derived neurotrophic factor; P8: senescence-accelerated prone mouse 8; R1: senescence accelerated-resistant mouse 1; EE: enriched environment; SE: standard environment.](NRR-7-1797-g004){#F4}

Mice housed in an enriched environment exhibited a higher relative level of BDNF protein compared with mice housed in a standard environment in both SAMP8 and SAMR1 mice (*P* \< 0.01). SAMP8 mice had a lower relative level of BDNF protein than SAMR1 mice housed in either the enriched or standard environment (*P* \< 0.05; [Figure 5](#F5){ref-type="fig"}).

![Hippocampal BDNF protein expression.\
(A) Western blot results of BDNF.\
(B) Comparison of the relative level of BDNF protein. ^a^*P* \< 0.01, *vs*. P8.SE; ^c^*P* \< 0.05,^d^*P* \< 0.01, *vs*. R1.SE; ^b^*P* \< 0.05, *vs*. R1.EE. The data are presented as mean ± SD (absorbance ratio of BDNF/β-actin). Differences between the groups were analyzed using analysis of variance and paired *t* -tests.\
BDNF: Brain-derived neurotrophic factor; P8: senescence-accelerated prone mouse 8; R1: senescence accelerated-resistance mice 1; EE: enriched environment; SE: standard environment.](NRR-7-1797-g005){#F5}

Correlation between cognitive performance and BDNF protein expression {#sec2-5}
---------------------------------------------------------------------

Linear correlation analysis showed a significant negative correlation between escape latencies in the first day of Morris water maze and the relative level of BDNF protein in SAMP8 mice housed in an enriched environment (*r* = −0.85, *P* \< 0.01; [Figure 6A](#F6){ref-type="fig"}).

![Correlation analysis between cognitive ability and the relative level of BDNF protein (linear correlation)\
(A) A negative correlation was found (*r* = −0.85, *P* \< 0.01) between escape latency on the first day and the relative level of BDNF protein (absorbance ratio of BDNF/β-actin) in SAMP8 mice.\
(B) A positive correlation was found (*r* = 0.76, *P* \< 0.01) between the percentage of time spent in the target quadrant on the fifth day and the relative level of BDNF protein in SAMP8 mice.\
(C) A negative correlation was found (*r* = −0.79, *P* \< 0.01) between errors on the first day in the step-down avoidance experiment and the relative level of BDNF protein in SAMP8 mice.\
(D) A positive correlation was found (*r* = 0.81, *P* \< 0.01) between latency on the second day in the step-down avoidance experiment and the relative level of BDNF protein in SAMP8 mice.\
BDNF: Brain-derived neurotrophic factor; P8: senescence- accelerated prone mouse 8; R1: senescence accelerated- resistance mice 1; EE: enriched environment; SE: standard environment.](NRR-7-1797-g006){#F6}

Likewise, there was a significant positive correlation between the percentage of time in the target quadrant on the fifth day and the relative level of BDNF protein in these same mice (*r* = 0.76, *P* \< 0.01; [Figure 6B](#F6){ref-type="fig"}). In addition, there was a significant negative correlation (*r* = −0.79, *P* \< 0.01; [Figure 6C](#F6){ref-type="fig"}) between the number of errors made on the first day in the step-down avoidance experiment and the relative level of BDNF protein in SAMP8 mice housed in an enriched environment. Likewise, there was a significant positive correlation (*r* = 0.81, *P* \< 0.01; [Figure 6D](#F6){ref-type="fig"}) between latencies on the second day and the relative level of BDNF protein in these same mice.

These results indicate that hippocampal BDNF protein relative level was positively related to learning and memory in SAMP8 mice.

DISCUSSION {#sec1-3}
==========

The present study provided novel, direct evidence that an enriched environment improves cognitive abilities and increases the expression of BDNF in the hippocampus. An enriched environment refers to housing conditions in which groups of mice are kept in large cages containing tunnels, platforms, toys, and running wheels to increase social interactions, cognitive loads, and exercise relative to a standard environment\[[@ref10][@ref11]\]. Significant changes have been shown at the cellular, molecular, and behavioral levels particularly in the hippocampus of rodents living in an enriched environment\[[@ref12]\]. At the behavioral level, enrichment enhances learning and memory\[[@ref13][@ref14]\] and reduces memory decline in aged mice\[[@ref15]\]. Some evidence has also shown that an enriched environment can increase exploratory activity\[[@ref16]\]. The impairment of cognitive functions, such as learning and memory, is considered to be one of the most striking impairment of the aging process. Neuroprotective effects of an enriched environment have been shown in our previous study\[[@ref17]\]. In the present study, we assessed learning and memory in SAMP8 and SAMR1 using Morris water maze and step-down avoidance experiments. Three-month-old mice were randomly selected and housed in different environments. Behavior was evaluated when the SAMP8 mice were 6 months old. In the learning performance test, mice housed in an enriched environment exhibited shorter escape latencies in the Morris water maze and fewer errors in the step-down avoidance experiment compared with mice housed in a standard environment. In the retention performance test, mice housed in an enriched environment spent a larger percentage of time in the target quadrant in the Morris water maze and exhibited longer latency in the step-down avoidance experiment compared with mice housed in a standard environment. Moreover, in probe trials, we found that mice housed in an enriched environment mainly stayed in the target quadrant, and this was more pronounced in SAMR1 mice. However, mice housed in a standard environment spent similar amounts of time in every quadrant. All these behavioral results showed that mice housed in an enriched environment had better learning and retention performance than mice housed in a standard environment, which indicated that enriched environments may improve the cognitive abilities of mice, and delay decreased cognition with aging. Compared to mice housed in a standard environment, the larger space of the enriched environment provided more activity opportunities, and the larger number of mice in each cage offered increased social interaction and social stimulation. Mice could exercise by running wheels, which provided enhanced voluntary exercise. To enhance the novelty of the enriched environment, the present study changed the objects and the position of the objects twice a week. Exercise could reduce the risk of developing AD\[[@ref18][@ref19]\], reduce neuropathological changes, and repress neuronal cell death associated with AD\[[@ref20][@ref21]\].

We observed that SAMP8 mice housed in a standard environment had worse cognitive performance than SAMR1 mice housed in a standard environment when they were 6 months old. This may be related to the particular characteristics of this strain. Compared to SAMR1 mice, SAMP8 mice have shorter life spans (299 days vs. 568 days) and exhibit early manifestations of senescence, such as loss of activity, alopecia, lack of hair glossiness, and skin coarseness, which are similar to those manifestations that are often observed in older humans. At 6 months of age SAMP8 have entered senescence but SAMR1 are still young or middle-aged. We selected the age stage of intervention in SAMP8 from 3 months to 6 months, which is similar to humans from the young to aged stage. The enriched environment improved cognitive performance in both SAMP8 and SAMR1, which demonstrates the effects of enriched environments.

The age-related impairment of cognitive functions is probably due to the vulnerability of the hippocampus. BDNF in the hippocampus has been reported to decrease with age\[[@ref22]\] and these decreases may contribute to the age-related cognitive impairments\[[@ref23]\]. Enriched environments have also been shown to increase gene expression of neurotrophic factors such as nerve growth factor, BDNF, and glial cell-derived neurotrophic factor\[[@ref24][@ref25]\].

AD is accompanied by hippocampal neuronal loss and abnormal neurogenesis, both of which probably contribute to AD-related cognitive deficits\[[@ref26]\]. In the present study, we examined the BDNF gene and protein expression in the hippocampus of mice housed in different environments. We found that mice housed in an enriched environment expressed more BDNF mRNA and more BDNF protein in the hippocampus compared with mice housed in a standard environment. In addition, hippocampal BDNF protein relative level was positively related to learning and memory in SAMP8 mice. Changes in BDNF expression may contribute to the changes in cognitive performance in SAMP8 mice. Studies have shown that the effects of enhanced motor activity, through access to running wheels or forced running on treadmills, can increase BDNF levels\[[@ref27]\]. In particular, exercise can benefit neuronal function, promote learning and memory\[[@ref28]\], ameliorate cognitive deterioration, and protect synaptic changes\[[@ref29]\]. Exercise has also been shown to maintain and reduce the cognitive decline associated with aging\[[@ref30]\]. BDNF is a powerful modulator of synaptic plasticity that can support neuronal survival and differentiation\[[@ref31]\], modify neuronal excitability and synaptic transmission\[[@ref32]\], and play a key role in positive cognitive effects\[[@ref33]\]. This study provides the first indication that the protective effects of an enriched environment against cognitive decline is associated with significant effects on BDNF in the hippocampus.

In summary, an enriched environment improves learning and memory performance of SAMP8 mice, upregulates BDNF gene and protein expression in the hippocampus, and delays AD progression. These results provide a theoretical foundation to prevent and delay AD in human through the use of enriched environments. However, further studies are needed to investigate the impact of enriched environments on other neurotrophic factors and synaptic structures.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-6}
------

A randomized, controlled, animal study.

Time and setting {#sec2-7}
----------------

The experiment was performed at the Central Laboratory of the First Hospital of Hebei Medical University, Brain Aging and Cognitive Neuroscience Laboratory of Hebei Province, China from March 2010 to May 2011.

Materials {#sec2-8}
---------

### Mice {#sec3-5}

Forty 3-month-old female SAMP8 and forty 3-month-old female SAMR1 mice were purchased from The Chinese University of Hong Kong. The mice were housed in a room maintained at 22--25°C and 55 ± 5% humidity with 12-hour light/dark cycles. They were allowed free access to food and water, and these conditions were maintained for 3 months until the behavioral tests were conducted. All experimental use of the mice was performed in accordance with the *Guidance Suggestions for the Care and Use of Laboratory Animals*, issued by the Ministry of Science and Technology of China\[[@ref34]\].

### Cages {#sec3-6}

The enriched environment cages (52 cm × 37 cm × 22 cm) consisted of two running wheels, a platform, several tunnels, a variety of toys, and nesting material. The standard environment cages (32 cm × 20 cm × 15 cm) only consisted of nesting material (supplementary Figure 1 online).

Methods {#sec2-9}
-------

### Feeding {#sec3-7}

SAMP8 and SAMR1 mice were randomly and equally assigned to an enriched environment (10--12 mice per cage) group or a standard environment (5--6 mice per cage) group.

### Morris water maze test {#sec3-8}

After mice were housed in the enriched or standard environment for 3 months, all mice were tested using the SLY-WMS Morris water maze analysis apparatus (Anhui Huaibei Zhenghua Biological Equipment, Anhui, China), for spatial learning and memory acquisition. The swimming pool (120 cm in diameter, 50 cm in height) was divided into four quadrants. An escape platform (14 cm in diameter, 20 cm in height) was fixed 1.5 cm under the water surface during the course of the Morris water maze procedure and was defined as the target quadrant (supplementary Figure 2 online). The water, maintained at 22 ± 2°C, was made opaque by placing black ink dye to prevent the mice from seeing the platform. A 4-day test paradigm was used. The mice were placed into the tank facing the wall from every quadrant by turns and the mice could randomly alter their trace. The trial was continued until the mice found the platform or for a maximum duration of 120 seconds. If the mice failed to find the platform, they were gently guided to the platform. At the end of each trial, the mice were allowed to rest on the platform for 10 seconds. The time to reach the platform (escape latency) was recorded for each mouse. To assess spatial memory retention, a probe trial was performed for 1 day. The platform was removed from the pool, while all other factors remained the same. Mice were allowed to swim for 120 seconds, during which time the percentage of time spent in each quadrant was recorded and their swim paths were automatically recorded by a video tracking system\[[@ref35]\].

### Step-down avoidance experiment {#sec3-9}

Approximately 3 hours after the Morris water maze test, a step-down avoidance experiment was performed using the YLS-3T step-down avoidance apparatus (Anhui Huaibei Zhenghua Biological Equipment). The apparatus consists of five 13 cm × 13 cm × 20 cm black boxes, with a floor composed of parallel copper bars (3 mm in diameter) spaced 0.8 cm apart. A platform (5 cm in diameter, 5 cm in height) was placed on the floor of the box against the right wall (supplementary Figure 3 online). Mice were placed on the platform and their latency to step down on the grid with all four paws was measured with an automatic device. Immediately after stepping down on the grid, the mice received a 0.3 mA foot shock. In the first day, the times mice were shocked within 5 minutes, which were named errors, were used to assess learning. In the second day, the latencies to the first step down onto the platform and the errors were used to assess retention\[[@ref36]\].

### Reverse transcription-PCR {#sec3-10}

After the behavioral tests were finished, 10 mice in each group were sacrificed. Fresh hippocampus tissue was dissected\[[@ref37]\] on ice. RNA was purified from fresh tissue using the Trizol reagent (Fermentas Company, Shenzhen, China) and was reverse transcribed. Primers were synthesized by Shanghai Bioasia Daily Chemical Co., Ltd. (Shanghai, China):

The primers are as follows:

![](NRR-7-1797-g007.jpg)

The cDNA subsequently was used for PCR. For BDNF and β-actin amplifications, the number of cycles used were 30 and 27, respectively. The images were scanned and the data were analyzed with a JEDA 801E Gel imager analyzer (Nanjing University company, Nanjing, China). PCR products were quantitatively analyzed. The results are expressed as the ratio of the absorbance value of BDNF to β-actin.

### Western blot assay {#sec3-11}

After the behavioral tests were completed, another 10 mice in each group were sacrificed. According to George Paxinos mouse brain atlas\[[@ref38]\], protein of fresh hippocampus tissue was extracted and the supernatant was collected. Proteins (60 μg) from each sample were subjected to polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membrane. The membrane was incubated with rabbit anti-BDNF polyclonal antibody (1:500; Chemicon Biotechnology, Temecula, CA, USA) and rabbit anti-β-actin polyclonal antibody (1:200; Zhongshan Golden Bridge Biotechnology, Beijing, China) for 1 hour at room temperature. Then, they were incubated overnight at 4°C, followed by addition of horseradish peroxidase- conjugated goat anti-rabbit secondary antibody (1:1 000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at room temperature for 2 hours. The products were developed by Super ECL Plus luminescence fluid (Applygen Technologies Inc., Beijing, China). Following film scanning, visualized bands were analyzed utilizing the Quantity One-4.6.2 software (Bio-rad, Hercules, CA, USA). β-actin served as the internal reference. The results are expressed as the ratio of the absorbance value of BDNF to β-actin.

### Statistical analysis {#sec3-12}

The data are presented as mean ± SD. SPSS 11.5 software (SPSS, Chicago, IL, USA) was used to analyze the measured results. Differences between groups were analyzed using analysis of variance and paired *t*-tests. The correlation between BDNF protein levels and cognitive performance was analyzed using linear correlation analysis. Values were considered significantly different when the *P* value \< 0.05.
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